Backgrund/Aims: To investigate the effects of activated α7 nicotinic acetylcholine receptor (α7nAChR) on postoperative cognitive dysfunction (POCD) and intestinal injury induced by cardiopulmonary bypass (CPB) and its relationship with the Th17 response in order to provide a theoretical basis for organ protection and targeted drug therapy during the perioperative period. Methods: Sprague-Dawley rat models of CPB were established. Rat intestinal and brain injuries were observed after CPB using hematoxylin and eosin staining. Cell apoptosis was determined using terminal deoxynucleotidyl transferase dUTP nick end labeling. Inflammatory factors and markers of brain injury in rat serum were measured using enzyme-linked immunosorbent assay. The expression levels of Bcl-2, Bax, caspase-3, ZO-1, occludin, AQP4, RORγT, and α7nAchR were examined using western blotting. Transcription factor RORγT expression was determined using real-time fluorescent quantitative polymerase chain reaction. Th17 cells in the peripheral blood and spleen were determined using flow cytometry. α7nAchR knockout rats were established. The Th17 response in the peripheral blood and spleen of α7nAchR knockout rats was further verified using flow cytometry. Results: CPB can induce POCD and intestinal injury in rats. α7nAchR activation markedly reduced intestinal injury, POCD, neuronal apoptosis, proinflammatory factor expression, and
Introduction
Application of cardiopulmonary bypass (CPB) to open heart surgery has markedly reduced the mortality caused by myocardial infarction, heart failure, and fatal arrhythmias. However, CPB-related complications are still prevalent, such as postoperative cognitive dysfunction (POCD), gastrointestinal injury, and acute lung injury [1, 2] . CPB causes intestinal mucosal barrier damage, releases toxins and proinflammatory cytokines, and produces a systemic inflammatory response, leading to tissue dysfunction in the brain, lung, liver, kidney, and other organs [3] [4] [5] . Previous studies have demonstrated that a systemic inflammatory response, myocardial ischemia-reperfusion, and surgical trauma are the major causes of POCD and intestinal mucosal barrier function impairment after CPB [6] [7] [8] .
The cholinergic anti-inflammatory pathway was first proposed by Borovikova [9] . It is a neural-immune pathway composed of the vagus nerve, spleen, and acetylcholine (ACh). When noxious stimuli stimulate the body to produce an inflammatory response, signals are introduced to the brain through the vagus nerve. In response, the outgoing vagus nerve releases ACh to the periphery, which binds to α7 nicotinic acetylcholine receptor (α7nAChR) on the surface of immunocytes to modulate the inflammatory response [10] . α7nAChR is present in intestinal epithelial cells and intestinal glial cells [11] . Von Boyen et al. [12] , using in vitro experiments, verified that a large number of proinflammatory cytokines and the endotoxin-released inflammatory response can activate intestinal epithelial cells and intestinal glial cells and increase the expression of intestinal glial fibrillary acidic protein. Therefore, it is presumed that α7nAChR activates the α7nAChR-mediated cholinergic antiinflammatory pathway and mitigates the proinflammatory response of the intestine and brain induced by CPB.
T helper 17 (Th17) cells are a subset of T helper cells developmentally distinct from Th1 and Th2 lineages. They are related to autoimmune diseases and inflammatory responses and produce interleukin . Th17 cells, through the secretion of IL-17, induce collective mobilization, recruitment, and activation of neutrophils and macrophages, mediate inflammatory cell infiltration and tissue damage, and cause the inflammatory response [13, 14] . Retinoid-related orphan receptor gamma t (RORγT) is a key transcription factor that regulates the differentiation of Th17 cells and induces initial T cell differentiation into Th17 cells. Liu et al. [15] found that α7nAchR activation by nicotine increased the number of Th17 cells. In addition, α7nAchR suppression by α-BTX reduced the number of CD4 +
IL-17
+ T lymphocytes in the peripheral blood. Finally, activated α7nAchR lessens the Th17 response. In order to provide a theoretical basis for organ protection and targeted drug therapy during the perioperative period, this study explored the mechanism of intestinal tract and brain injury and revealed the relationship between α7nAchR and the Th17 response in a rat model of CPB. Committee (IACUC no. 2016014R). Experimental rats were randomly divided into three groups: the sham surgery group (sham group), CPB model group (CPB group), and PHA568487 (0.8 mg/kg) (an α7nAchR agonist) treatment group (PHA group). The CPB group was subdivided into five subgroups: the CPB 0 h (CPB), CBP 6 h, CPB 12 h, CPB 24 h, and CPB 48 h groups. α7nAchR knockout rats were randomly divided into two groups: α7nAchR knockout sham surgery (α7 -/-) and α7nAchR knockout CPB model (α7 -/-CPB) groups. α7nAchR knockout rats were donated by the Key Laboratory of Transgenic Animals, Experimental Animal Division, China Medical University.
Materials and Methods

Animals and experimental protocols
Establishment of CPB rat models
After a 6-h preoperative fast (with water), rats were anesthetized with 2% sodium pentobarbital and underwent tracheal intubation by using a 16-G trocar. Mechanical ventilation was then performed with an anesthesia machine and ventilator; a 24-G trocar was inserted into the right femoral vein, providing venous access for infusion; a 22-G trocar was inserted into the left femoral artery and connected with a monitor to measure real-time arterial blood pressure. Another 22-G trocar was inserted into the caudal artery and used as a perfusion artery for CPB. An 18-G puncture needle was inserted into the right atrium via the right internal jugular vein as the CPB outflow end. A CPB model without blood preconditioning was established as previously described [16] . The equipment was connected by PVC tube (internal diameter, 1.6 mm) and included a venous drainage tube, blood reservoir, arterial infusion tube, filter, and connecting pipe. The circulating prefilled solution comprised 15 mL: 6 mL hydroxyethyl starch, 6 mL lactate Ringer's solution, 1 mL heparin (250 IU/kg), 1 mL 5% sodium bicarbonate, and 1 mL 20% mannitol. When the CPB began, the mechanical ventilation was terminated and the flow rate was at least 80 mL/kg/min. Cycle capacity was added to enhance the flow if the flow rate was lower than 80. The flow time was 60 min. During the CPB, the oxygen-air mixture (1:4) was maintained at 800 mL/min through the membrane lung. Before the CPB was terminated, the mechanical ventilation was resumed and the circulation was gradually stopped by adjusting the inner diameter of the venous outflow end. Subsequently, the right internal jugular vein and caudal artery were ligated and the incision was sutured. If the hemodynamic situation was unstable, appropriate amounts of intravenous adrenaline (0.1 mg/kg) and dopamine were injected and the speed of rehydration was changed. Hemodynamic stability is considered to be achieved in the CPB model within 6 h after the end of CPB. After rats resumed spontaneous breathing, tracheal intubation was terminated and rats were observed in the laboratory. Rats in the PHA group were given intraperitoneal injection of PHA568487 (0.8 mg/kg) 3 h before CPB induction.
Specimen collection and processing
Blood samples (1 mL) were taken from the internal jugular vein and the serum was separated by centrifugation for enzyme-linked immunosorbent assay (ELISA). Rat intestinal and brain tissues were fixed in neutral formalin or stored in liquid nitrogen. Blood and spleen tissue were collected for lymphocyte separation.
Morris water maze test
To evaluate spatial memory and learning abilities, 8 rats were randomly chosen for the Morris water maze test 24 h after CPB. A platform was placed in the center of the test field. The rat was allowed to locate the platform and land on it within 30 s. If the rat failed to do it within 90 s, it was picked up and placed on the platform. These rats were considered to have a 90-s escape latency. After landing on the platform, each rat was kept on it for 30 s to strengthen the memory of the platform. The escape latency was recorded and averaged. After the navigation training, the platform was removed. The test session began from the contralateral quadrant of the original platform quadrant with the rat facing the wall of the pool. The time duration in the original platform quadrant and the frequency of crossing were recorded and calculated.
Histopathological changes
Intestinal and brain tissues were harvested and fixed with neutral formalin. After 48 h, specimens were dehydrated with 70%, 80%, 90%, 95%, and 100% ethanol, followed by xylene transparency, and then embedded in paraffin and sliced. Sections were deparaffinized, transferred to xylene, dehydrated with gradient ethanol, stained with hematoxylin for 3 min, differentiated with 0.3% hydrochloric acid for 30 s, diluted with aqueous ammonia for 1 min, and counterstained with 0.5% eosin solution for 1 min.
Sections were washed with distilled water after each step. After staining, sections were dehydrated, rinsed, permeabilized with xylene, mounted, and the pathological changes in the brain tissue were observed under light microscopy.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
Brain tissue apoptosis was detected according to the instructions of the TUNEL In Situ Cell Death Detection Kit, POD (11684817910, Roche). Brain tissue was dehydrated, embedded, sliced, and incubated with 0.9% NaCl for 5 min, then rinsed twice with PBS, mixed with biotinylated nucleotides and terminal deoxynucleotidyl transferase, covered with plastic coverslips, and incubated at 37°C for 60 min. After another PBS wash, the brain tissue was blocked with 0.3% hydrogen peroxide, incubated with horseradish peroxidase-labeled streptavidin at room temperature for 30 min, and then washed, DAB stained, mounted, and observed under a microscope.
ELISA
Proinflammatory factors such as IL-6 (SEA079Ra, CCC, USA), TNF-α (SEA133Ra, CCC), and IL-17 (SEA063Ra, CCC), intestine injury markers such as D-lactic acid (PAA217Gu01, CCC) and FABP2 (USCN, SEA559Ra), and brain injury markers such as S-100β (SEA567Ra, CCC) and neuron-specific enolase (NSE) (SEA537Ra, CCC) in the plasma of rats were measured by ELISA kits. The optical density (OD) at 450 nm was measured with a microplate reader. Standard curves were plotted by taking the OD value as the ordinate and the standard sample concentration as the abscissa. The curve equation and r value were calculated. The sample concentration value was measured.
Western blot assay
The samples were lysed and centrifuged in a pre-chilled tissue lysate at 12, 000 rpm for 30 min. The supernatant of total protein was extracted for sodium dodecyl sulphate-polyacrylamide gel electrophoresis and the protein was semi-dried for membrane transfer. The membranes were blocked for 2 h and incubated overnight at 4°C with antibodies against Bcl-2 (ab59348, Abcam, USA), Bax (ab32503, Abcam), caspase-3 (ab13847, Abcam), ZO-1(ab214228, Abcam), occludin (ab167161, Abcam), AQP4 (ab9512, Abcam), RORγT (ab207082, Abcam), and α7nAchR (ab24644, Abcam), followed by three washes and incubation with secondary antibody for 1 h. After four washes using TBST, cells were developed with an ECL luminescence kit and gel imaging system and gray values were measured by using Quantity One software.
Quantitative real-time polymerase chain reaction (PCR)
Primers were designed according to the sequences of RORγT reported in Genbank and were synthesized by Shanghai Biomedical Biotechnology Co., Ltd. (Shanghai, China). Total RNA in blood and spleen lymphocytes was isolated with TRIzol reagent (15596018, Invitrogen) and reversely transcribed into cDNA (4387406, Invitrogen) in strict accordance with the instructions of the RR820A real-time PCR kit (TAKARA, China). The relative gene expression was analyzed with the 2 2-△△Ct method. The primers used for real-time PCR were as follows: RORγT, forward: AGGTATGACCGATGCTCTTA, reverse, TATTTTCGGATAAGTCTAGG; GAPDH, forward, ATCTTTGGCACTCTCGAAGG; reverse, CGCATTAAGGGTAGGAACAC.
DNA extraction from the tail of α7nAchR knockout rats and PCR
Primers were designed according to the sequences of α7nAchR reported in Genbank, and were synthesized by Shanghai Biomedical Biotechnology Co., Ltd. DNA was isolated with QIAamp Fast DNA Tissue Kit (51404, Qiagen) and PCR was used for the detection. The reaction system was as follows: DNA template 2 μL, wild-type primer 1 μL, mutant primer 1 μL, universal primer 1 μL, Taq mix 12.5 μL, and ddH 2 O 7.5 μL. The reaction conditions were as follows: pre-denaturation at 95°C for 5 min; 35 cycles of denaturation at 95°C for 30 s, annealing at 57°C for 30 s, and elongation at 72°C for 1 min; and elongation for 5 min. Afterward, the genotype was identified using agarose gel electrophoresis. The primers used for the PCR were as follows: wild-type, AGGTATGACCGATGCTCTTA; mutant, TATTTTCGGATAAGTCTAGG; universal, ATCTTTGGCACTCTCGAAGG.
Flow cytometry
The rat spleen and peripheral blood (5 mL) were obtained. The spleen was triturated in RPMI-1640 medium. Splenic suspensions and blood were placed in a 15-mL centrifuge tube, washed with PBS, and centrifuged. After removal of the supernatant, an equal volume of erythrocyte lysate was added on ice for 5 min, followed by centrifugation. The supernatant was discarded. PBS (5 mL) was added and the sample was mixed and centrifuged. After removal of the supernatant, all samples were resuspended with RPMI-1640 medium. Cells at 1 × 10 6 were seeded into 6-well plates after the addition of RPMI-1640 medium to a total volume of 1 mL. The cells in each well were incubated with PMA (Sigma), ionomycin (Sigma), and Brefeldin A (Sigma) at final concentrations of 10 ng/mL, 0.5 μg/mL, and 1 μL/mL, respectively, and then incubated at 37°C in 5% CO 2 for 5 h. After stimulation, the cells were collected in an Eppendorf tube and centrifuged. After removal of the supernatant, the cells were washed with PBS 1 mL, mixed with PBS 100 μL, and incubated with FITC-anti-CD4 + (554843, BD, USA) at 4°C in the dark for 30 min. The cells were then washed twice with cell staining buffer, uniformly mixed with 500 μL fixation/permeabilization solution, and incubated at 4°C in the dark for 30 min. They were next washed with PBS 1 mL, mixed with PBS 100 μL, and incubated with PE-anti-IL-17 + (12-7177-81, eBioscience, USA) at 4°C in the dark for 50 min. Subsequently, they were washed with 1 × BD perm/wash buffer, resuspended with 300 μL PBS, and analyzed using flow cytometry. Results were analyzed using FlowJo software.
Statistical analysis
Data were analyzed using SPSS 19.0 statistical software. Measurement data are expressed as mean ± standard deviation. Data between groups were compared using an independent samples t-test. Data among groups were compared using one-way analysis of variance with S-N-K test analysis. A value of P < 0.05 was regarded as significant.
Results
Establishment of the CPB rat model and assessment of hemodynamic changes
Compared with the before bypass period (T 0 ), the mean arterial pressure (MAP) significantly decreased in each group during the bypass (T 1 ) (P < 0.05; Fig. 1) ; the MAP was restored 2 h after the bypass (T2), and no significant difference was detected (P > 0.05). Hemoglobin (Hb) significantly diminished after the bypass (T 1 -T 3 ) (P < 0.05). Rectal temperature, pH value, partial pressure of arterial carbon dioxide (PaCO 2 ), and partial pressure of oxygen (PaO 2 ) were stable during the CPB, and no significant difference was detected compared with the before bypass period (T 0 ) (P > 0.05). These results indicated that our CPB model was stable (Table 1) .
CPB induces intestinal injury and POCD in rats
Confirming the intestinal injury and brain injury induced by CPB, there was a serum D-lactic acid and FABP2 increase at 6 h after CPB (P = 0.016 vs before bypass, P = 0.031 vs before bypass, respectively) ( Fig. 2A) . D-lactic acid and FABP2 secretion peaked at 12 h after CPB (P < 0.001 vs before bypass). ZO-1 and occludin protein expression decreased at 6 h after CPB (P = 0.024 vs before bypass, P = 0.018 vs before bypass, respectively), and AQP4 protein expression increased at 6 h after CPB (P = 0.003 vs before bypass) (Fig. 2B and C) . These data suggested that intestinal injury occurred at 6 h after CPB. Serum S-100β and NSE expression significantly Fig. 1 . Establishment of the CPB rat. Hemodynamic changes were measured at different time points after injection of 3 mg/300 g of heparin anticoagulation into the rat tail artery and connection of the Multi-function monitor. Data were collected before the bypass, at CPB, CPB 2 h, and CPB 6 h. Compared with before bypass, *P<0.05.
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increased at 24 h after CPB (P < 0.001 vs before bypass) (Fig. 2D) . Expression of the apoptotic proteins Bax and caspase-3 was significantly increased (P < 0.001 vs before bypass) ( Fig. 2E and  F) , whereas anti-apoptotic protein Bcl-2 expression was significantly reduced (Fig. 2E and F) . This is consistent with the clinical cognitive impairment seen 24 to 48 h after cardiac surgery in most patients undergoing CPB [17] [18] [19] .
Activated α7nAchR attenuates the intestinal injury and POCD induced by CPB in rats
To verify that activated α7nAchR can attenuate the intestinal injury and POCD induced by CPB, 24 h after CPB was considered the time of α7nAchR activation. Hematoxylin and eosin staining revealed that, in the sham group, the intestinal mucosa was normal and the villi were arranged regularly and the neurons were arranged regularly and closely, with clear cell boundaries and without abnormal structures (Fig.  3A) . In the CPB group, the villi of the intestinal mucosa were shortened. The intestinal mucosa was bleeding and edematous and infiltrated by a number of inflammatory cells, and the intestinal epithelial cells were denatured and necrotic; additionally, the arrangement of neuron cells was scattered, and the cells were sparse and unevenly distributed (Fig.  3A) . Neuronal apoptosis was significantly increased 
Fig. 2. CPB induces intestinal injury and POCD in rats.
A: Blood samples were collected at different time points, and the serum was isolated. ELI-SA was used to determine D-lactic and FABP2 levels at different time points. B and C: After collection of rat intestinal tissue and total protein isolation, a western blot assay was used to determine ZO-1, occludin, and AQP4 protein expression. D: Serum was isolated at different time points and ELISA was used to determine S100β and NSE levels. E and F: After collection of rat intestinal tissue and total protein isolation, a western blot assay was used to determine Bax, caspase-3, and Bcl-2 protein expression. There was still high expression of D-lactic, FABP2, and AQP4 at CPB 24 h. Because the expression of S100β, NSE, Bax, and caspase-3 was significantly increased, we choose 24 h as the CPB group. Compared with before bypass, *P<0.05. on TUNEL staining (Fig. 3B) . The PHA group showed mild expansion of the intestinal mucosal gland, mild degeneration of intestinal epithelial cells, and a small amount of inflammatory cell release; the neurons were arranged neatly and the cell band was incomplete (Fig. 3A) , and neuronal apoptosis was significantly decreased (Fig. 3B) .
To determine the cognitive impairment induced by CPB, we conducted the Morris water maze test. Data showed that the escape latency was significantly prolonged in the CPB group while the time spent in the original platform quadrant was shortened and the frequency of crossing was decreased (Fig. 3C) , indicating that the spatial memory was impaired after CPB. After α7nAchR activation, serum D-lactic acid and FABP2 secretion was significantly diminished (P < 0.001 vs CPB group) (Fig. 3D) . ZO-1 and occludin protein expression was significantly increased and AQP4 protein expression was significantly decreased (P < 0.001 vs CPB group) (Fig. 3E and F) . S-100β and NSE expression was significantly diminished (P < 0.001 vs CPB group) (Fig. 3G) . Bax and caspase-3 protein expression was significantly decreased (P < 0.001 vs CPB group), whereas Bcl-2 expression was significantly increased (P Fig. 3 . Activated α7nAchR attenuates the intestinal injury and POCD induced by CPB. We administered an intraperitoneal injection of PHA568487 (0.8 mg/kg) to rats. A: The intestinal tissue from the sham, CPB, and PHA groups was collected. The tissue was fixed in 10% formaldehyde, embedded in paraffin, and sectioned. Hematoxylin and eosin staining was used to observe the pathological changes. B: TUNEL staining was used to determine hippocampal tissue apoptosis. C: The Morris water maze test was used to determine the rats' learning and memory dysfunction. D: ELISA was used to determine D-lactic and FABP2 levels in the serum. E and F: Western blot assay was used to determine ZO-1, occludin, and AQP4 protein expression. G: ELISA was applied to determine S100β and NSE levels. H and I: Western blot assay was used to determine Bax, caspase-3, and Bcl-2 protein expression. 3H and I ). The escape latency was significantly shortened, the time spent at the original platform quadrant was prolonged, and the frequency of crossing was increased (P < 0.001 vs CPB group) (Fig.  3C) . These data suggested that α7nAchR activation could markedly suppress the intestinal injury and POCD induced by CPB.
Activated α7nAchR inhibits the proinflammatory response in rats undergoing CPB
To further verify that activated α7nAchR inhibits the proinflammatory response after CPB, ELISA was used to determine the levels of the proinflammatory cytokines TNF-α, IL-6, and IL-17 in rat peripheral blood. The ELISA showed that TNF-α, IL-6, and IL-17 expression was significantly increased in the CPB group (P < 0.001 vs sham group) (Fig. 4) . In contrast, TNF-α, IL-6, and IL-17 expression was significantly decreased in the peripheral blood of rats in the PHA group (P < 0.001 vs CPB group) (Fig. 4) .
Th17 is downregulated in the peripheral blood and spleen of rats undergoing CPB after α7nAchR activation
To verify the changes in Th17 cells after α7nAchR activation, flow cytometry was used to detect the number of CD4 +
IL-17
+ lymphocytes in the peripheral blood and spleen. Flow cytometry results showed that the number of CD4 +
+ lymphocytes was significantly increased in the CPB group (P < 0.001 vs sham group) (Fig. 5A-C) . After α7nAchR activation, the number of CD4 +
+ lymphocytes was significantly reduced in the blood and spleen (P < 0.001 vs CPB group) (Fig. 5A-C) . Quantitative real-time PCR and western blot assay results showed that the Th17 cell transcription factor RORγT was expressed in the blood and spleen. Data suggested that RORγT mRNA expression was significantly increased in the CPB group (P = 0.002 vs sham group). After α7nAchR activation, RORγT mRNA expression was significantly decreased (P = 0.003 vs CPB group) (Fig. 5D) . Western blotting results were consistent with those of quantitative real-time PCR (Fig. 5E and F) . These results indicated that activated α7nAchR improved the proinflammatory response in the intestines and brains of rats undergoing CPB, possibly through the Th17 immune response.
Identification of the genotype in α7nAchR knockout rats
PCR amplification of target DNA demonstrated that the electrophoresis band of wildtype rats was located at 324 bp (Fig. 6A) . The bands of heterozygotes were at 237 bp and 324 bp, whereas the band of homozygotes was at 237 bp. The proportion of homozygous rats was 30%. To further verify the reliability of the PCR results, western blotting was used to determine α7nAchR protein expression (Fig. 6B) . α7nAchR protein expression was not detectable in the tail of homozygous rats but could be detected in wild-type rats. These findings were consistent with the PCR results.
α7nAchR deficiency aggravates the POCD and proinflammatory response induced by CPB
To further confirm the relationship between α7nAchR and the proinflammatory response after intestinal injury and brain injury in rats, we established α7nAchR -/-CPB rat models.
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These animals showed significantly increased D-lactic acid and FABP2 expression (P < 0.001 vs α7 -/-sham group) (Fig. 7A ). S-100β and NSE levels were also significantly increased (P < 0.001 vs α7 -/-sham group) (Fig. 7B) . The escape latency in the CPB group was significantly prolonged, whereas the time spent in the original platform quadrant was shortened, and the frequency of crossing was decreased (P < 0.001 vs α7
-/-sham group) (Fig. 7C) . TNF-α, IL-6, and IL-17 levels were significantly increased (P < 0.001 vs α7 -/-sham group) (Fig. 7D) . These results suggested that, after α7nAchR knockout, the intestinal injury and POCD induced by CPB were aggravated, promoting the proinflammatory response induced by CPB.
Th17 responses in the peripheral blood and spleen of α7nAchR knockout rats undergoing CPB
To further verify the relationship between α7nAchR and the Th17 immune response, we found that, after α7nAchR knock- 
IL-17
+ cells in rat blood. D: PBMCs were isolated from the peripheral blood and spleen. Total RNA was isolated and cDNA was synthesized by reverse transcription. qRT-PCR was used to determine the expression of the Th17 cell transcription factor RORγT mRNA. E and F: Western blotting was used to determine RORγT protein expression. Compared with the sham group, *P<0.05; compared with the CPB group, # P<0.05. 
+ cells was significantly increased in the CPB group in both the blood and spleen (P < 0.001 vs α7 -/-sham group) ( Fig. 8A and B) . Quantitative real-time PCR and western blot assay results showed that RORγT was expressed in the blood and spleen. Data suggested that after α7nAchR knockout, RORγT expression was significantly increased in the CPB group (P < 0.001 vs α7 -/-sham group) ( Fig. 8C-E) . These findings further indicated that α7nAchR suppressed the proinflammatory response through the Th17 response and improved the intestinal injury and POCD induced by CPB in rats.
Discussion
This study established a CPB model and observed the effects of activated α7nAchR and the Th17 response on CPB-induced intestinal injury and POCD. The results from pathological observation of the intestine and brain and detection of proinflammatory factor and Th17 cells revealed that activated α7nAchR mitigated CPB-induced intestinal injury and POCD and inhibited the secretion of proinflammatory factor through the Th17 response. These results provide a theoretical basis for organ protection and targeted drug therapy for CPB-induced injuries during the perioperative period.
Since the 1950s, CPB has been extensively used in clinics and has become an important means of performing open heart surgery. Despite the continuous improvement in different cardiac surgical techniques, the incidence of postoperative complications remains high. Such 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry complications, which include POCD [19] , acute lung injury [20] , kidney injury [21] , and intestinal injury [22] , have become an important obstacle to the development of cardiac surgery. In this study, 6% hydroxyethyl starch was injected into Sprague-Dawley rats through the right venous drainage and right femoral artery fusion to establish a CPB model. We found that 6 h after CPB, serum D-lactic acid and FABP2 secretion began to increase, ZO-1 and occludin expression began to decrease, AQP4 expression increased, and intestinal injury appeared. At 24 h after CPB, S-100β and NSE secretion was noticeably increased and apoptotic protein expression markedly increased. This is consistent with the POCD induced by CPB in most patients 24-48 h after cardiac surgery [17] [18] [19] . α7nAChR is expressed on the surface of various cells, including lymphocytes, macrophages, dendritic cells, intestinal epithelial cells, and lung epithelial cells [23] . In particular, α7nAChR on macrophages plays a central role in the cholinergic anti-inflammatory pathway. This pathway regulates the immune system through the reticuloendothelial system [24] by inhibiting inflammation through reticuloendothelial system-mediated release of acetylcholine from the appropriate organs. These organs include the lung, spleen, liver, kidney, and gastrointestinal tract. Acetylcholine interacts with α7nAChR on the surface of macrophages and other immune cells and inhibits proinflammatory cytokine release and reduces tissue damage through different pathways. Acetylcholine can significantly reduce the release of TNF-α, IL-1b, IL-6, and IL-18 from cultured human macrophages stimulated by LPS [25] . Nevertheless, this effect of acetylcholine disappears in α7nAChR knockout rats [26] . α7nAChR activation inhibits the expression of the NF-kB transcription factor and Toll-like receptor-4 by modulating the cascade signal transduction chains in monocytes and macrophages, thereby suppressing proinflammatory cytokine transcription. Activated α7nAChR can also increase the levels of Jak2 to form a dimeric complex. This complex can initiate signaling pathway regulated by signal transducer and activator of transcription 3 (STAT3). This pathway can inhibit the binding of NF-kB to DNA and enhance the inhibitory ability of cytokine signaling 3 (SOCS3) on the inflammatory response [27] . Our results confirmed that after α7nAChR was activated by PHA568487, the secretion of serum D-lactic acid, FABP2, S-100β, and NSE was noticeably reduced in rats undergoing CPB. In addition, TNF-α, IL-6, and IL-17 secretion was diminished, ZO-1 and occludin expression was increased, and AQP4 protein expression in the intestine was decreased. The escape latency was significantly shortened, the time spent at the original platform quadrant was prolonged, and the frequency of crossing was increased on the Morris water maze test. Bax and caspase-3 expression was reduced, but Bcl-2 expression was increased. These findings indicated that activated α7nAChR suppressed the proinflammatory response induced by the intestinal injury and the POCD induced by CPB in rats. After α7nAChR knockout, serum TNF-α, IL-6, and IL-17 secretion significantly increased in rats undergoing CPB. These data further proved that α7nAChR improved the intestinal injury and POCD and inhibited the proinflammatory response in rats undergoing CPB. Th17 cells, as an independent new subgroup of T helper cells, have unique characteristics in terms of self differentiation, development, and maintenance. Just as T-bet controls Th1 differentiation and GATA-3 controls Th2 differentiation, the differentiation of Th17 cells is controlled by its transcription factor RORγT [28] . IL-17 is a major cytokine secreted by Th17 cells that can induce the expression of the inflammatory cytokine IL-6, reactive proteins, G-CSF, and prostaglandin E2 [29] . IL-17 has a synergistic relationship with inflammatory factor TNF-α and amplifies its proinflammatory effect [30] . IL-17 can recruit neutrophils, promote various cells to release inflammatory factor, induce airway mucus glands to secrete mucus, and increase airway hyperresponsiveness, which play an important role in the process of airway remodeling in asthma [31] . Our results demonstrated that the number of Th17 cells clearly increased in the spleen and peripheral blood of rats undergoing CPB. The number of Th17 cells decreased after α7nAChR activation and markedly diminished after α7nAChR knockout in the spleen and peripheral blood of rats undergoing CPB. These results suggested that α7nAChR suppressed the proinflammatory response and improved intestinal and brain injuries through the Th17 response.
Conclusion
In summary, α7nAChR activation clearly improves the intestinal injuries and POCD induced by CPB. It is likely that α7nAChR activation lessens the proinflammatory response by suppressing the Th17 immune response. This provides novel ideas for organ protection and targeted drug therapy during the perioperative period.
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